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ABSTRACT 
In the liverwort Sphaerocarpus donnellii Aust.,  the behavior of the cell constituents, especially 
of mitochondria and plastids, was studied by electron microscopy during the  development 
of the egg and its preceding ceils.  A  degeneration and elimination of mitochondria and 
plastids was not found in any of the developmental stages.  In all growth  phases  of the 
archegonium, the  plastids may deposit starch which becomes especially frequent in the 
maturing egg cell.  No indications have been observed that new mitochondria or plastids 
generate from the nuclear evaginations, which often penetrate deeply into the cytoplasm of 
the  maturing and  fully developed  eggs.  A  quantitative investigation based  on  general 
micrographs  elucidates the  numerical aspects  of the  cell  constituents during o6genesis. 
With the increase of cell volume, the numbers of dictyosomes, mitochondria, plastids, and 
lipid bodies increase. From the stages of the mother cell of the axial row up to that of the 
mature egg, the cell volume enlarges about 8 times and the nucleus volume about 15 times. 
Simultaneously, the numbers of mitochondria and plastids increase up to 8  to  15 times. 
On the basis of these findings, mitochondria and plastids with three-dimensional narrow 
constrictions are interpreted as divisional stages. 
INTRODUCTION 
According to  the  electron  microscope  investiga- 
tions  of  Miihlethaler  and  Bell  (1962),  plastids 
and mitochondria degenerate and are formed de 
novo by evaginations of the nucleus during o6gen- 
esis of  the  fern Pteridium aquilinum. M/ihlethaler 
and Bell  also  suggest  that  "this  reconstitution of 
the plasm" is valid not only for the ferns but also 
for the lower and higher plants and for the ani- 
mals"  (compare  also  Bell  and  Mtihlethaler, 
1962). This opinion is in strong contrast with the 
hypotheses of Meyer (1883)  and Schimper (1885), 
that plastids possess a  continuity from one plant 
generation to  another.  Investigations of Renner 
(1934)  and of Schwemmle and coworkers  (1938) 
strongly indicate plastid inheritance, which must 
mean plastid continuity, at least a  genetical one. 
Based  on their own work on plastid inheritance, 
SchStz  (1962),  Stubbe  (1962),  and  Haustein 
(1962)  have already emphasized this fact. 
In  the  present  electron  microscope  investiga- 
tion of the developing archegonium and egg cell 
in the liverwort Sphaerocarpus donnellii Aust., special 
attention was paid to the behavior of the plastids 
and mitochondria. If degeneration and neoforma- 
tion of these  organelles is  generally valid,  then 
this phenomenon should be observable in arche- 
goniate plants other  than Pteridium, for instance, 
in Sphaerocarpus. 
527 MATERIALS  AND  METHODS 
Normal  9-gametophytcs  of  the  liverwort  Sphaero- 
carpus donnellii were cultivated on agar in Petri dishes. 
The conditions of cultivation have already been de- 
scribed  (Dicrs,  1965 a).  Parts of the  9-gametophytes 
wcre fixed  (a) in 2% KMnO4 for 2 hr at room tem- 
perature,  (b)  in  1 to  2.5%  OsO4  buffered solutions 
for 2  to  24 hr,  or  (c)  in glutaraldehyde followed by 
postfixation  in  OsO4.  After dchydration in  acetone 
or ethanol, the specimens were  embedded  in  meth- 
acrylate,  Araldite,  or  Epon.  Sections were cut  on a 
Leitz  microtome with  glass  or  diamond  knives and 
examined in a  Siemens Elmiskop I.  The results pre- 
sented  here  are  based  on  more  than  2000  electron 
micrographs.  Moreover,  ~  to 3/~ ]~ thick sections of 
the fixed  material were  examined under the phase- 
contrast microscope. 
RESULTS 
On the Development of the Archegonium 
The  archegonia  arise  from  epidermal  cells  on 
the  dorsal  side  immediately  behind  the  growing 
edge of the thallus (cf. Rickett,  1920). The devel- 
opment  of the  egg  cell  in  the  archegonia  follows 
a  definite pattern.  Fig.  1 shows  the characteristic 
stages  (A  through  F)  of  this  development.  The 
primary  axial  cell  of a  young  archeogonium  (A) 
divides into the mother cell  of the axial row  and 
the  cover  cell  which  belongs  to  the  wall  cells  at 
the tip of the young archegonium (B). By division 
of  the  mother  cell  of  the  axial  row,  the  central 
cell  and  the  neck-canal  mother  cell  arise  (C). 
During  the  growth  of the  central  cell,  the  neck- 
canal  mother  cell  divides  into  two  neck-canal 
ceils  (D).  Finally,  the  central  cell  divides  un- 
equally into the smaller ventral-canal cell and the 
larger egg cell (E). The involucre gradually forms 
around  the  archegonium  during  the  maturation 
of  the  egg  cell  (F).  In  the  material  investigated 
here,  this involucre reaches about halfway up the 
archegonium  neck  when  the  egg  is  mature,  and 
the  neck-canal  is  open  to  spermatozoids.  A  de- 
tailed description of archegonium development is 
given elsewhere  (Diers,  1965  a,  and b). 
DEVELOPMENT  OF MOTHER  CELL 
In the early developmental stages of the arche- 
gonium, all cells are similar in their fine structure. 
The  plastids  and  mitochondria  in  the  primary 
cell and in the mother cell of the axial row do not 
differ from those of the neighboring cells.  Fig.  2, 
for  example,  shows  a  part  of the  mother  cell  of 
the axial row with a  plastid.  Like this plastid,  the 
plastids  of all  cells  possess  2  to  3  tightly  packed 
thylacoids (Menke, 1961) or compartments (Weier, 
1961),  and  occasionally  small  starchgrains(cf. 
also Diers,  1965 a, Figs.  1 to  7). 
In the mother cell stage,  the mitochondria and 
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FIGURB 1  Successive developmental stages of the archegonium of Sphaerocarpus donnellli: par, primary 
cell of axial row; mar, mother cell of axial row; ncm, neck-canal mother cell; c, central cell; nc, neck-canal 
cell; vc, ventral-canal cell; e, egg cell; i, involucre. A to F  are drawings of ~  to ~  ~ thick sections exam- 
ined under the phase-contrast microscope. They were all prepared on the same scale with the aid of a 
drawing apparatus. 
F 
528  THE  JOURNAL OF  CELL BIOLOGY • VOLUME ~8, 1966 FIGURE ~  A portion of the primary cell of the axial row.  The plastid  (P)  contains several thylacoids, 
some of them  packed  tightly together.  Also seen are two bodies (x)  with a  single  limiting membrane; 
one  of  them  possesses  a  narrow  constriction.  Near  the  two bodies  (x),  the  outer limiting membrane 
of  the  plastid  is  connected  with membranes of the endoplasmic rcticulum (E).)<  ~0,000. 
FIGURE 3  Higher magnification of a  portion of the same section. The fusion of the membranes  of the 
plastid  (P) and the endoplasmic reticulum (E) is obvious. Approximately )< 48,000. 
dictyosomes  of  all  archegonial  cells  show  no 
remarkable  pecularities  in  their  fine  structure. 
Single  lipid  bodies  occur  rarely  (Diers,  1965  a, 
Fig.  2).  Other  bodies  (x)  about  0.4  to  1 #  in  di- 
ameter  with  a  single  membrane  are  also  seen 
(Figs.  2  and  3).  They  are  commonly  designated 
as  spherosomes.  Because  this  term  is  used  for 
several  types  of cell  constituents  (cf.  Sch6tz  and 
Diers,  1965),  the neutral  expression "body  (x)"  is 
preferred. 
CENTRAL CELL 
In  the  central  cell, which  arises  by  division of 
thc  mother ccll of the axial row,  mitochondria  of 
various sizes occur (Fig. 4).  During maturation  of 
thc central cell, there is an accumulation of mito- 
chondria  just  below  the  nucleus  (cf.  also  Diers, 
1965  a,  Figs.  12  and  13).  Dictyosomes,  parts  of 
the endoplasmic reticulum, and plastids peripheral 
to this region seem to occur. Larger mitochondria 
intermixed  with  plastids  are  found  in  the  cyto- 
plasm farther  away from the nucleus  (Fig. 4).  In 
contrast  with  the  mitochondria  in  the  wall  cells, 
most, if not all, of the mitochondria in the central 
cell possess  small  electron-opaque  granules  (Figs. 
9  and  11),  which  are  well  known  as  intramito- 
chondrial  granules  from  studies  on  animal  cells 
(Novikoff,  1961). 
During the growth of tile central cell, the mem- 
brane  system is not so well developed in the plas- 
tids of the central cell as in those of the archegonial 
wall  cells  (Fig.  4)  or  of  the  preceding  develop- 
mental  stages  (Fig. 2).  The plastids in the central 
cell may possess starch grains  (Fig.  12). 
Occasionally,  the  central  cell,  the  wall  cells, 
and  also  the  cells of younger  archegonia  (Fig.  1, 
A  and  B)  contain  undifferentiated  plastids  or 
young chloroplasts,  the inner part  of the limiting 
membrane  of which  seems  to  grow  through  the 
plastid  interior  to  the  opposite  limiting  mem- 
brane.  In this manner, according to serial sections, 
the  interior  of  the  plastid  may  be  nearly  com- 
pletely divided into two separated  spaces  (Fig. 5). 
Gantt  and  Arnott  (1963)  described  this  phenom- 
enon  as  concentralization  in  the  fully developed 
chloroplasts  of  the  gametophyte  in  Matteuccia 
struthiopteris.  They  regard  this  concentralization 
as  a  method  of chloroplast  division.  Sch6tz  and 
Senser  (1964)  mention  quite a  corresponding for- 
mation  in  the  chloroplasts  of  certain  Oenothera 
hybrids.  Neither  Gantt  and  Arnott  (1963)  nor 
Sch6tz  and  Senser  (1964)  found  a  precise  indica- 
tion,  in  their  electron  micrographs,  how  chloro- 
plast division is completed after  concentralization. 
In  contrast  with  Matteucia  and  Oenothera,  in 
Sphaerocarpus this  concentralization  occurs  also  in 
plastids  apparently  not differentiated into chloro- 
plasts  (Fig.  5).  Despite  a  thorough  search,  it was 
impossible  to  find  such  plastids  which  could  be 
interpreted  as  the  last  stages  of  separation.  At 
least  for  Sphaerocarpus, therefore,  it  is  uncertain 
whether  this  concentralization  may  lead  to  a 
plastid division. Perhaps  it is only associated with 
genesis of plastid membranes. 
L.  DIERS  Plaslids, Mitochondria, and Cell Constituents during 06genesis  529 FIGURE 4  Central cell immediately preceding initosis. Small mitochondria and bodies (x) with a single 
limiting membrane are gathered below the nucleus  (N).  Big mitochondria (M)  and plastids (P)  show 
an orientation towards tile accumulation of Initochondria.  The thylacoid system in the plastids of the 
central cell is  only poorly developed as compared with that in the plastids of the ventral jacket ceils. 
D, dictyosomes; L, lipid droplets. ×  6700. 
530  THE JOURNAL OF  CELL BIOLOGY • VOLUME  ~8, 1966 FIGURE 5  An  undifferentiated  plastid  in  the  central 
cell.  A  few  thylaeoids,  several  vesicles,  and  small 
electron-transparent  areas are visible in the two sepa- 
rated spaces. L, lipid droplet.  )< ~5,000. 
E~G  C~LL 
The  central  cell  divides  unequally  into  the 
smaller  ventral-canal  cell  and  the  considerably 
larger egg cell  (Fig.  1 E  and  Diers,  1965  b,  Figs. 
1 to  6).  In late  telophase  and  in  the very young 
egg,  the  cell  constituents  show  the  same  fine 
structure  as  in  the central  cell. The  plastids  con- 
tain  a  poorly  developed  membrane  system  and 
thereby are clearly distinguished from the plastids 
of the  neighboring  archegonial  wall  cells.  Occa- 
sionally  they  possess  small  starch  grains.  Indica- 
tions of a  vacuolization which was  found  by Bell 
and  Mfihlethaler  (1962)  in  the  plastids  of  the 
corresponding  developmental  stages  in  Pteridium 
aquilinum  have  not  been  observed.  Mitochondria 
are randomly distributed  in  the cytoplasm of the 
young  egg  cell.  They  often  show  the  intramito- 
chondrial  granules.  A  degeneration  as  described 
by  Bell  and  Mtihlethaler  (1964  a)  in  the  same 
developmental  stages  of the  egg  cell  in  Pteridium 
has  not been found  here.  With  the growth of the 
young egg cell, the number of plastids with starch 
grains multiplies so that finally plastids quite often 
show 3  to 6  starch grains in one section  (Fig. 6). 
The  egg  nucleus  begins  to  show  an  irregular 
surface  at  the  stage  of starch  storage  in  the  plas- 
tids.  During  the  further  maturation  of the  cell, 
the  protuberances  of  the  nucleus  become  more 
and  more  distinct.  Sometimes  these  evaginations 
penetrate  deeply  into  the  cytoplasm.  Near  the 
nucleus,  one finds  sections  through  such  evagina- 
tions which seem to be separated from the nucleus 
(Diers,  1965  b,  Figs.  8,  10,  and  11).  In Pt~ridium, 
similar  evaginations  were  reported  by  Mfihle- 
thaler  and  Bell  (1962)  and  Bell and  Miihlethaler 
(1962,  1964 a) who went on to describe the devel- 
opment  of mitcchondria  from  such  evaginations. 
Miihlethaler  and  Bell  (1962)  and  Bell and  Miih- 
lethaler  (1964  b)  mention  that  plastids  also  are 
generated  from  such  nuclear  evaginations.  In 
Sphaerocarpus, the great majority of these evagina- 
tions which seem to be separated from the nucleus 
are shown in serial sections to be connected to the 
nucleus.  In a  very few cases,  there  are some signs 
that  evaginations  may  indeed  be  detached  from 
the nucleus. But there was no indication in Sphaero- 
carpus that  plastids  or mitochondria  may develop 
out  of  these  separated  nuclear  parts  (cf.  Diers, 
1964). 
The nearly mature  and  the fully developed egg 
cells  contain  plastids  with  few  membranes  and 
several starch grains  (Fig. 7). Many mitochondria 
are  present,  which  show  no  intramitochondrial 
granules.  One  observes  lipid  droplets  frequently 
lying together  in  groups  (Diers,  1965  b).  In  con- 
trast  to  the  plastids  in  the  maturing  and  fully 
developed egg cells, the plasdds in the  cells of the 
archegonial venter are  differentiated  into  chloro- 
plasts  with  a  distinct  internal  membrane  system 
(Fig. 8). 
Mitochondria  and  Plastids  with  Narrow  Con- 
strictions 
In the young and maturing eggs and in all pre- 
ceding developmental stages of the  archegonium, 
one  sometimes  finds  in  a  single  section  plastids 
and  mitochondria  with  narrow  constrictions. 
Serial sections indicate that these constrictions are 
partly  deceptive,  because  in  deeper  sectional 
planes  these  obviously  narrow  constrictions  de- 
velop  into  broad  parts  of  the  organellc.  The 
series  in  Fig.  9,  for  instance,  shows  a  big  mito- 
chondrion,  which  possesses  a  constriction  accord- 
ing to one section. But in another plane of section- 
ing,  this  constriction  broadens  to  the  full  width 
of the mitochondrion.  The  model  (Fig.  10)  dem- 
onstrates  how  the  picture  of such  a  narrow  con- 
striction may arise by sectioning a  mitochondrion 
in a certain plane. Similar observations were made 
on  some  plastids.  But  in  other  cases,  series  of 
adjacent  sections  show  that  the  constriction  of a 
L.  DIEnS  Plastids, Mitochondria, and Cell Constituents during 05genesis  531 FIGURE 6  Two  sections of a  long series  of successive sections through  big starch-containing plastids 
in an egg cell of nearly the same age as that in the archegonium of Fig. 1 F. The plastid possesses a nar- 
row, three-dimensional constriction, which can be observed only on five sections. X  15,000. 
FmL'RE 7  A  portion of an egg cell somewhat older than the egg cell of Fig.  6,  after fixation in  OsO4. 
In the plastids (P) are a few thylacoids, several starch grains, osmiophilic globuli, and small dark particles 
which show a  high similarity to ribosomes. The cytoplasm contains, above all, ribosomes appearing as 
small dark  dots,  and,  in addition, mitochondria  (M),  lipid droplets  (L),  and  membranes of the endo- 
plasmic reticulum.  >(  80,000. 
532  THE  JOURNAL OF  CELL  BIOLOGY • VOLU~]~ 28, 1966 I~IGUttE 8  A portion of a jacket cell from the archego- 
nial  venter  after  OsO4 fixation.  Compare  the  well 
developed platelike  grana,  each  consisting  of  2  to  4 
thylacoids here, to the few thylacoids in the plastids of 
the  egg.  P,  plastids;  M,  mitochondrion;  V,  vacuole. 
)< 20,000. 
plastid or mitochondrion remains and is detectable 
only on one  or a  few succeeding sections.  Conse- 
quently, a  three-dimensional constriction is formed 
here  (Figs.  6,  11,  and  12).  Such  plasfid  and 
mitochondrial  shapes  may  be  regarded  as  the 
last phases of organelle division or the early stages 
of organelle fusion. One has to take into consider- 
ation both possibilities, because findings have been 
published  on  the  division  and  coalescence  of 
mitochondria  (Drawert  and  Mix,  1961;  cf.  also 
the survey of Novikoff,  1961)  and  on the division 
(Granick,  1961; Green,  1964)  and fusion (Epstein 
and  Schiff,  1961)  of plastids.  A  third  explanation 
for  the  narrow  constrictions  of the  mitochondria 
and  plastids  may  be  the  plasticity  of these  orga- 
nelles.  The  constrictions  may  be  regarded  as 
reversible  variations  in  the  plastid  or  mitochon- 
drial  shape  which  may  appear  or  disappear, 
independent  of  division  (Novikoff,  1961 ;  Esau, 
1944).  The  micrographs  alone  may  not  decide 
which  of  these  three  interpretations  is  right  in 
our  material.  But,  the  calculations  given  in  the 
following  sections,  based  on  the  developmental 
history  of the  egg cell,  allow  a  decision which  of 
the  three  interpretations  has  to  be  accepted  as 
the most probable here. 
Quantitative  Investigation  on  the  Cell  Con- 
stituents during 05genesis 
As  mentioned  above,  the  development  of  the 
egg cell may be precisely followed from its incep- 
tion  to  maturity.  This makes  it possible  to calcu- 
late the relative proportions of the cell constituents 
from the stage of the primary cell of the axial row 
up to that of the mature  egg. The purpose  of this 
quantitative  investigation is to compare  the  rela- 
tive  proportions  of  organelles  contained  in  unit 
areas  of cytoplasm as  the  primary  cell differenti- 
ates into the egg. 
The conditions for such  a  quantitative  analysis 
are  satisfied.  The  egg  and  its  preceding  cells 
possess  only  few  and  small  vacuoles.  With  the 
exception  of  the  lipid  bodies  in  some  develop- 
mental  stages  of  the  egg,  the  organelles  during 
o6genesis  show  a  random  distribution.  Only  in 
the  maturing  egg  does  one  occasionally  observe 
small regions at the cell periphery which seem to 
contain  less  organelles  than  other  cell  areas.  A 
calculation showed  that  these deviations from the 
random  distribution  are  negligible.  Cells  im- 
mediately  before  mitosis  (Fig.  4)  or  in the  early 
stages  of mitosis  were  not  considered  because  in 
these  cells  the  organelles  are  not  randomly  ar- 
ranged.  Since  the  various  fixatives  and  embed- 
ments  produce  different  tissue  volume  changes 
(Menke,  1957;  Berzborn  and  Menke,  1964; 
Kushida,  1962),  all  calculations  were  made  on 
archegonia  fixed  in  KMnO4  and  embedded  in 
Araldite. 
To  obtain  comparable  statements  on  the  nu- 
cleus and cell area in the successive developmental 
stages, as many sections as possible were evaluated 
which  showed  the  whole  cell  sectioned  in  the 
median  longitudinal  direction.  With  respect  to 
organelles,  the  results  were  strengthened  by  the 
evaluation  of  additional  sections  which  showed 
the nucleus tangentially sectioned or only a  larger 
sector of the cell without nucleus. 
In  each  longitudinal  section,  the  areas  of the 
cell  and  of  the  nucleus  were  measured  with  a 
planimeter and  the organelles were counted.  The 
nuclear  area  was  substracted  from  the  total  cell 
L.  DIERS  Plastid8, Mitochondria, and Cell Constituents during 05genesis  533 FmURE 9  A series of adjacent sections through a mitochondrion with two narrow constrictions (arrows) 
in a  central cell.  In section a,  upper arrow indicates a  constricted region; lower  arrow, a  break in the 
continuity of the mitochondrion. In section b, upper arrow shows a very narrow constriction; mitochon- 
deiGn has joined at lower arrow where a  constriction is visible.  In sections d  and e, mitochondrion is 
much broadened at  lower  arrow.  One  section (c)  has  been omitted.  Intramitochondrial granules  are 
located as electron-opaque dots in the matrix of the mitochondrion. ;<  ~0,000. 
area and the number of organelles was related to 
the remaining cell area, which is called henceforth 
cytoplasmic  area.  In  order  to  use  a  uniformly 
comparable cytoplasmic area for all developmen- 
tal  stages and  sections, the values of the number 
of organelles in each section were calculated for a 
cytoplasmic  area  of  100  ~"'. From  these  values, 
the mean was determined for each developmental 
stage. 
With respect to the numbers of cell constituents 
per 100 ~" cytoplasmic area, the statistical validity 
of differences was always calculated according  to 
the  Student's  or  t  test  (Mather,  1946;  van  der 
Waerden,  1957).  The  indices  of  t  indicate  the 
degrees of freedom. Fig.  13  a  shows the result  of 
this  calculation  which  includes  the  values  for 
dictyosomes,  bodies  (x)  with  a  single  limiting 
membrane, lipid bodies, mitochondrla, and  plas- 
tids.  The  developmental stages from the primary 
cell of the axial row up to the mature egg are indi- 
cated on the abscissa from left to right.  Fig.  13  b 
enables one  to  compare the sizes of the cell  and 
nucleus  in  the  various  stages  of  archegonial 
growth. The classification of stages on the abscissa 
is the same as in Fig.  13 a and, moreover, contains 
some notes about the identification of the various 
phases  of  archegonial  growth.  Some  further 
comments  are  added  to  characterize  more  pre- 
cisely  the  evaluated  preparations.  The  growth 
and  the  maturation  of the  egg cell  were  studied 
in  several  archegonia  of  closely  succeeding  de- 
velopmental stages. Having a  height of 96  /~,  the 
archegonium of stage VIII is about half as tall  as 
an  adult  archegonium.  In  this growth stage,  the 
ventral-canal cell begins to be separated from the 
egg cell (cf. Diers,  1965  b, Fig. 6).  The egg cell in 
stage  IX  is  somewhat  older.  The  ventral-canal 
cell does not yet show any indication of degenera- 
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the  egg  cell.  The  ventral-canal  cell  of  the  suc- 
ceeding  stage  X  shows  an  obvious  degeneration, 
but it is still  recognizable as  a  cell.  In  an  arche- 
gonium  containing  a  nearly  mature  egg  cell 
(stage  XI),  the  ventral- and  the  neck-canal  cells 
are  more  or  less  completely  disintegrated;  how- 
ever,  the  neck-canal  is  not  yet  open.  In  the  last 
stage XII,  we  see the mature  egg in an archego- 
nium with the open neck-canal. For details of the 
maturation of the egg cell,  see Diers  (1965 b). 
What  conclusions  may  be  drawn  from  the 
quantitative analyses shown in Fig.  13? 
In  Fig.  13  b  it  is  apparent  that  the  cell  area 
increases  in  size  about  5-fold,  from  about  160  to 
170/z  ~ up to 900 to  1000  /~,  during o6genesis.  In 
the archegonium of stage X, the egg cell shows an 
extraordinary  size  of  1250  /~.  There  are  several 
indications  from  other  preparations  that  this 
value  has  to  be  regarded  as  an  exceptional  size 
of no  special  importance.  It  is  remarkable  that, 
despite  the unusual  size in cell area,  the numbers 
of  cell  constituents  per  100  #'0' agree,  in  part, 
FIGURE 10  A  general  reconstruction  of  a  mitoehon- 
drion, which is sectioned in such a plane that a narrow 
constriction  of  the  organelle  appears.  If  the  nfito- 
chondrial length is considered to be 1.5/~ and the thick- 
ness of the thin section considered to  be 500  A,  then 
to  the  same  scale  the  succeeding  section  from  the 
model will be as thick as that shown in the figure and 
possess a  narrow constriction like that in the electron 
micrographs in Fig. 9. 
rather well with those of the preceding and follow- 
ing  developmental  stages.  The  nuclear  area  also 
increases considerably  in  size,  from  about  40  to 
45  ~2 up  to 200 to 240 #2. 
Horizontal  sections show  that  the diameters  of 
the egg and its preceding cells and of the nucleus 
in  all  these  cells  are  not  reduced  during  arche- 
gonial  development.  This  observation  together 
with  the  earlier  results  (Fig.  13  b)  indicates  an 
increases  considerably  in  size,  from  about  40  to 
45 g,  up  to  200  to  240 ge,. 
DICTYOSOMES 
According  to  Fig.  13  a  the  number  of dictyo- 
somes per  100/z  ~ cytoplasmic area varies between 
5  and  8.  The  higher value of 9  for  stage  IV and 
the lower value of about 4  for stage XII  are very 
probably  of no  importance  because  of their only 
slight deviation  from  8  and  5,  respectively.  The 
nearly  constant  value  of  5  to  8  dictyosomes  per 
100  #2  cytoplasmic  area  shows  that  there  is  no 
diminution  of  these  organelles  during  o6genesis. 
On  the  contrary,  a  multiplication  of them  must 
occur  because,  according  to  Fig.  13  b,  the  area 
and  correspondingly  the  volume  of  the  cell  in- 
crease considerably.  How  the reproduction of the 
dictyosomes  may  occur  is  uncertain  (cf.  Whaley, 
1965).  Some  micrographs  indicate  that  a  propa- 
gation  by  division  is  possible,  as  suggested  by 
Buvat (1958). 
BoDIEs  (x) 
The  number  of  the  bodies  (x)  with  a  single 
limiting membrane varies from 4  to 5  per  100 #2. 
Only in stages V  to IX does it drop, varying from 
2  to  3  and  3.5  per  100  #2  The  difference  is  not 
great, and hence it is not possible to draw definite 
conclusions.  However,  it  is  striking  that  one 
observes  a  distinct  decrease  between  stages  IV 
and  V  and  a  slow increase during the succeeding 
developmental  stages  VI  to  IX.  The  difference 
in  the  values  for  stages  IV  and  V  can  be  staffs- 
tically evaluated  with t(17)  =  6.05,  i.e.,  the prob- 
ability  for  a  highly  significant  uniformity  is  far 
below 0.001.  This value,  0.001,  would  have been 
reached  with  t(m  =  3.97.  Therefore,  the  differ- 
ence in the number of bodies (x) in stages IV and 
V  is  statistically  significant.  Consequendy,  the 
possibility  cannot  be  eliminated  that  some  of 
these bodies disappear  during the  division of the 
central  cell.  It  is  possible  to  imagine  that  these 
bodies play an essential but still unknown part in 
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they  are  partly  used  up.  In  any  case,  during 
maturation  of  the  egg  (stages  VI  to  XII),  the 
bodies increase in number litde by litde up to the 
former  value  of 4  to  5  per  100  /22. Obviously  it 
would  seem  that  there  is  a  propagation  of  the 
bodies in the cell because,  according to Fig.  13  b, 
the  whole  cell  area  and  correspondingly  the  cell 
volume  enlarge.  The  origin  and  reproduction  of 
the  bodies  with  a  single  limiting  membrane 
during  o6genesis  in Sphaerocarpus donnellii are  not 
yet elucidated.  Despite  an  intense  search,  no  mi- 
crographs  have  been  found  which  indicate  that 
considerably  higher  than  those  of  0.5  to  2  per 
100/22  in stages  I  to VII.  The statistical  calcula- 
tion with the highest value for stages I  to VII and 
with  the  lowest  value  for  stages  VIII  to  XII 
results  in  a  highly  significant  difference  with 
t(12)  =  7.85.  This  means  that  the  probability 
error,  P,  is below 0.001,  because  0.001  is already 
reached  with  t(12)  =  4.32.  Consequently,  during 
o6genesis,  an  increase  in  the  number  of  lipid 
bodies  per  100  /22  occurs.  The  total  number  of 
lipid  droplets  increases  all  the  more  in  the  cell 
because, according to Fig.  13 b, the egg cell shows 
an apparent  enlargement of its volume. 
FmuR~ 11  Three  successive  sections of a  longer series  with a  narrow,  three-dimensional constriction 
of a mitochondrion in a central cell. This constriction is discernible only on one section (b). Intramito- 
chondrial granules can be seen in the mitochondria.  )< ~5,000. 
the bodies originate from the endoplasmic reticu- 
lum  or  the  dictyosomes.  But  occasionally  one 
observes  bodies  with  narrow  constrictions  (Fig. 
2).  Such  findings  suggest  that  these  bodies  may 
multiply by their division. 
LIPID  BODIES 
A  statistical  analysis of lipid bodies shows that, 
during  the growth of the egg cell, the lipid bodies 
become  more  frequent  at  a  significant  level  (cf. 
the general micrographs, Diers 1965 a and 3). The 
values for stages X  and XlI seem to be exception- 
ally high.  This increase  is partially accounted  for 
by  the  aggregation  of  lipid  bodies  into  large 
groups.  Therefore one must  not place any special 
importance  on these high values. As in stages  IX 
and  XI,  values  of about  6  to  8  per  100  /22  are 
thought  to  be  normal  values  in  all  the  older  de- 
velopmental  stages.  These  values  (6  to  8)  are 
MITOCHONDRIA 
According  to  Fig.  13  a  the  number  of  mito- 
chondria  per  100  /2~  cytoplasmic  area  does  not 
decrease  but  rather  increases  during  o6gcnesis. 
The values fall into three ranges: between  13 and 
15 in stages I  to III, between about 23  and  26 in 
stages  IV  to  IX,  and  between  32  and  36  in  the 
last stages, X  to XII. The difference in values for 
stages  III  and  IV  is  statistically  significant with 
t(13)  =  12.23,  while  t(13)  =  4.22  is  sufficient  for 
P  =  0.001.  Another  highly significant difference 
in the values occurs for stage IX and  the succeed- 
ing stages.  Consequently,  a  considerable propaga- 
tion of mitochondria must occur. 
PLASTIDS 
During  o6genesis,  nearly  all  the  numbers  of 
plastids fall between 6 and 9 per 100/2~.  However, 
the  number  present  during  stages  IV  and  V  is 
536  THE  JOURNAL OF  CELL BIOLOGY " VOLUME ~8,  1966 FmvaE 1~  The same central cell as in Fig. 4.  A  part  of a  longer series of adjacent sections through a 
plastid with a narrow, three-dimensional constriction and a broader constriction (sections c and e omitted). 
The narrow constriction is discernible in three successive sections (d to f).  One of the three portions of 
the plastid contains a  starch  grain  (S)  in the first  (a)  section and in the preceding  (unpublished)  sec- 
tions. L, lipid droplet.  X  15,000. 
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FIGURE  13  Developmental stages of the egg and its preceding cells. 
FXGURE 13 a  Cell constituents per  100 #2 cytoplasmic area during o(igenesis in Sphaerocarpus  donnellii 
A usf . 
FmURE 18 b  The  largest  cell  and  nuclear  areas  in  median longitudinal  sections  during  oSgenesis in 
Sphaerocarpus  donnellii  Aunt. 
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during  stage  IX  is  about  9.5,  but  these  values 
are not significant statistically, or they are just at 
the limit of statistical significance, for P  =  0.001. 
One  may  conclude  that  these  small  differences 
have  no  importance.  In  contrast  to  the  lipid 
bodies  and  mitochondria,  but  corresponding  to 
the  dictyosomes,  the  number  of  plastids  per  100 
#~  cytoplasmic  area  is  nearly  constant  during 
o6genesis.  Because  the  cell  size enlarges  (Fig.  13 
b),  the  plastid  number  must,  however,  also  in- 
crease.  Therefore,  a  propagation  of  plastids  has 
to  take  place  in  the whole  cell  during formation 
and maturation of the egg. 
The quantitative investigation leads to the con- 
The  Total  Numbers  of Plastids  and  Mito- 
chondria  in  Whole Cells of Various Develop- 
mental  Stages 
Based on the median longitudinal sections, one 
may  evaluate  the  volumes  of  the  cell  and  the 
nucleus. The cells which contain only small vacu- 
oles  were  considered  as  a  cube,  a  cylinder,  or  a 
conical frustum. The dimensions necessary for the 
calculation  were  taken  from  the  median  longi- 
tudinal section which showed the largest cell area. 
The nucleus was regarded as a  sphere. The radius 
was  calculated  from  the  largest  planimetered 
nuclear  area,  which  was  then  considered  as  a 
circular area. 
TABLE  I 
The Cell and Nuclear Volumes and the Total  Numbers of Mitochondria and Plastids per  Cell in Some Charac- 
teristic  Developmental Stages  of  the  Egg  and  its  Preceding  Cells 
Total 
Stages  of  development  Cell vol  nucleus  vol  mitochondria  Total plastids 
Us  ~3 
II  Mother cell of axial row  1300  100  60-90  20-35 
IV  Central cell  (2 neck-canal ceils)  3200  300  250-400  30  50 
VI  Egg cell archegonial size 68 t~  3300  300  250-400  40-65 
VIII  Egg cell archegonial size 96 t~  6000  450  450-650  80-120 
X!  Egg cell  (egg nearly mature)  10300  1200  1000-1600  160-270 
XII  Egg cell  (egg mature)  9800  1500  800-1300  150-260 
clusion  that  a  reproduction  of mitochondria  and 
plastids  must  occur  during  o6genesis.  Based  on 
this  result,  one  may  now  interpret  the  narrow, 
three-dimensional  constrictions  of  plastids  and 
mitochondria  which  were  observed  in  several  of 
the  developmental  stages  investigated  (Figs.  6, 
1 l,  and  12).  As  mentioned  above,  such  plastids 
and  mitochondria  look  like  organelles  which  are 
in division or fusion or  are  undergoing reversible 
variations  in  shape  because  of  their  plasticity. 
Plastids and mitochondria do not coalesce at this 
stage,  nor can the three-dimensional constrictions 
be  accounted  for  simply  by  a  change  in  shape. 
Only  the  division  of  preexisting  plastids  and 
mitochondria  could  account  for  the  increasing 
numbers of mitochondria and  the constant num- 
ber of plastids per  100  /~2 of cytoplasm concomi- 
tant with the increase in cell size and consequently 
of volume  of cytoplasm.  Therefore,  in  all  proba- 
bility, profiles showing narrow,  three-dimensional 
constrictions  must  be  interpreted  as  division 
figures. 
The  lengths  of  the  longest  plastids  and  mito- 
chondria were  measured  on  the sections.  On  the 
average,  these  measurements,  rounded  off to  the 
next higher figure, come to 3 to 5/z for the plastids 
and  1.5  to  3  /z  for  the  mitochondria.  The  very 
rare,  unusually  long  plastids  and  mitochondria 
were  not  considered.  For  each  developmental 
stage,  the mean values  are known which give, on 
the average,  the  numbers of sectioned  plastids or 
mitochondria  per  100  #2  cytoplasmic  area  (Fig. 
13 a). If one multiplies 100 #2 by the length meas- 
urements for  the plastids  (3  to  5  #)  or mitochon- 
dria  (1.5  to  3  /z),  then  it  is  apparent  that  the 
known  mean  values  per  100  /~2  (Fig.  13  a)  also 
are  approximately  the numbers of whole  plastids 
and whole mitochondria in 300 to 500 #3 and  150 
to  300  /z  z  cytoplasmic  volumes,  respectively. 
These values are related to the whole cytoplasmic 
volume  which is equal  to  cell  volume  minus nu- 
clear volume. And thus one obtains the estimated 
total numbers of plastids and mitochondria in the 
whole  cell  (Table  I).  Because  the  cells  contain 
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smaller than 3 to 5/~ and 1.5 to 3/~, respectively, 
the results in Table I  are more or less minimum 
numbers. If these  numbers are multiplied by 1.5 
to 2, they should give nearly maximum numbers. 
Table  I  shows  that  in  all  stages  the  nuclear 
volume averages about 1/~ to 1/~  4 of the total cell 
volume. A  definite relation between nucleus and 
cytoplasm is maintained during the whole devel- 
opment of the  egg  cell.  This  would  be  already 
suggested  from  the  relation between the  largest 
cell area and the largest nuclear area (Fig.  13 b). 
From the  early  stage  of the  mother  cell  of the 
axial row (stage  II) up to the stage of the mature 
or  nearly mature egg  (stages  XI  and XII),  the 
volume of the cell increases about 8-fold,  and the 
volume of the nucleus about  15-fold.  Simultane- 
ously, the  numbers of plastids and mitochondria 
also  increase about 8-fold  to  15-fold.  Therefore 
the  relation between the  nuclear or  cell  volume 
and the total numbers of plastids and mitochon- 
dria  in  the  cell  is  maintained relatively strictly 
during o6genesis. 
DISCUSSION 
The  plastid in Fig.  2  shows  a  peculiarity which 
was observed only once in all the archegonia ex- 
amined.  At  one  point  the  plastid  membrane is 
immediately  connected  with  a  cisterna  of  the 
endoplasmic  reticulum  (Fig.  3).  This  suggests 
that there  may be very close  functional interac- 
tions between the endoplasmic reticulum and the 
plastids,  or,  alternatively,  that  relations  exist 
between the  membranes of the  plastids and  the 
endoplasmic reticulum during their development. 
For  the  present,  both  interpretations  have  to 
remain  speculative;  they  seem  to  be  unlikely, 
however,  because of the  rare  occurrence of this 
fusion  of  membranes.  A  simpler explanation is 
more probable, that occasionally cell constituents 
are  pushed  firmly against one  another by cyto- 
plasmic streaming, resulting in a  coalescence of 
membranes  observable  in  the  electron  micro- 
scope. The possibility of fusion of the outer plastid 
membrane and the  membranes of the  endoplas- 
mic reticulum suggests a  certain similarity in the 
structure  and  the  composition  of  these  mem- 
branes.  Robertson  (1964,  Figs.  15  and  17)  has 
pointed  out  adequate  connections between  the 
membranes of mitochondria and the membranes 
of the endoplasmic reticulum. 
In the late developmental stages  of the central 
cell  (stage  IV)  and in the  dividing central cell, 
one observes  electron-opaque, intramitochondrial 
granules.  Their  composition  and  function  are 
still unknown. The same black dots are visible in 
mitochondria in the young egg cell. Because  these 
intramitochondrial granules become rarer during 
maturation of the egg,  one may suppose that in 
certain developmental phases  of the  central cell 
and also of the subsequent egg cell,  the metabolism 
in the cell or in the  mitochondria alters,  and that 
this  becomes  apparent  in  the  appearance  and 
disappearance  of  intramitochondrial  granules. 
According to the investigations of Peachey (1964), 
the  intramitochondrial granules become increas- 
ingly prominent when  the  cells  of toad  urinary 
bladder or the isolated mitochondria of rat kidney 
are  kept  in  a  medium  with  divalent  cations, 
barium, strontium, or calcium. 
Small electron-transparent regions occasionally 
occur in the matrix of mitochondria and of plas- 
rids  during all developmental stages.  Such elec- 
tron-transparent areas are widespread, especially 
in undifferentiated plastids and in mitochondria 
of meristematic tissues  (cf. Whaley et  al.  1960; 
Diers  and  Sch6tz,  1965).  These  regions  may 
contain components which are easily leached out 
during fixation and dehydration, or they may be 
caused by a  slight swelling of the organelles. But 
it  is  highly  improbable  that  they  are  the  first 
stages of a degenerative vacuolization. 
In Sphaerocarpus, the micrographs show no indi- 
cation of degeneration and elimination of plastids 
or mitochondria during o6genesis.  If a  degenera- 
tion of these organelles took place in Sphaerocarpus, 
as  Mfihlethaler and Bell  (1962)  describe for  the 
young egg of Pteridium aquilinum, such a degenera- 
tion would be expressed  by a  dramatic decrease 
in the  actual numbers of these  organelles in,  at 
least,  some stages  of development. According to 
Fig.  13 a, however, the numbers of the mitochon- 
dria and plastids show  no diminution even while 
the  cell  volume  simultaneously  enlarges.  The 
result of the  quantitative analysis in the  present 
investigation  leads  to  the  conclusion  that,  in 
Sphaerocarpus, no degeneration and elimination of 
plastids and mitochondria occurs during o6gene- 
sis. But since, according to Bell and Mtihlethaler 
(1964a),  the degeneration stage of the mitochon- 
dria occupies an estimated period, lasting about 1 
to  2  hr,  the  objection could be  raised  that  this 
stage  has  been missed  in the  present study.  To 
invalidate this objection, the time of archegonium 
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living gametophytes.  Beginning with  the  earliest 
detectable  elevation  on  the  upper  side  of  the 
thallus  or  with  the  stage  of the  dividing central 
cell  up  to  the  mature  egg,  this  development is 
completed within 5  to  6  or,  at the  most,  4  days, 
respectively, in our material. Therefore, it is pos- 
sible  to  seize  the  whole  o6genesis  in  temporally 
close  successive  stages.  Because  more  than  80 
archegonia were studied under the electron micro- 
scope, we may conclude that all important devel- 
opmental  stages  were  obtained.  Above  all,  the 
developmental stages  of the  central  cell and  the 
very  young  egg  cell  were  investigated  in  detail 
because,  according  to  Bell  and  Miihlethaler 
(1962),  it is in  these  stages of archegonial devel- 
opment in Ptaidium  that vacuolization and degen- 
eration  of plastids  and  mitochondria  take  place. 
Despite an intense search,  such degeneration was 
not observable in Sphaerocarpus.  Furthermore,  one 
must  bear  in  mind  that  degeneration  stages  of 
organelles  as  large  as  mitochondria  and  plastids 
could  not  vanish  without  leaving  their  traces. 
Such degeneration stages must be recognizable in 
the cytoplasm for a somewhat longer time. 
In Pteridium, according to Bell and Mfihlethaler 
(1964a),  immediately after or perhaps  somewhat 
before the end of the mitochondrial degeneration, 
the  egg  begins  to  form  new  mitochondria  from 
detached  nuclear  evaginations.  In  Sphaerocarpus, 
long  before  the  egg  nucleus  shows  evaginations 
which occur in developmental stages VIII to IX, 
one observes a distinct increase in the numbers of 
mitochondria  and  plastids  (Fig.  13  a  and  Table 
I).  Consequently, this reproduction of the organ- 
elles  certainly  cannot  occur  by  detachment  of 
nuclear  evaginations.  The  most  convincing  ex- 
planation of this augmentation of the numbers of 
mitochondria  and  plastids  is  that  the  already 
existing plastids and  mitochondria divide. This is 
supported  by the appearance  of narrow constric- 
tions of these organelles, which in all probability 
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